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Introduction
At the present time mobile robots are used for different tasks and involved in various areas of activities [1] [2] . Many researches consider the wheeled mobile robot control problems such as motion and path planning [3] [4] [5] [6] . There are many fruitful results in these topics that are applied to different kinds of robots. One of the most challenging problems is a trajectory planning of mobile robot and path following [5] [6] . In the most cases robot controllers for trajectory or path following guarantee the minimal tracking errors. But these controllers involve complex and sophisticated control laws that require more powerful on-board computers of mobile robots. Furthermore tracking controllers are even more complicated for nonholonomic wheeled mobile robots [7] .
-0635 -In this paper we present a novel motion planning method for a differential drive mobile robot using two-dimensional vector fields. This method requires that the given path for a mobile robot control system must be specified as a set of the reference points that we will call here the "nodal" points. Using the artificial vector fields mobile robot can move along trajectories like splines in proximity to nodal points. The robot motion in this case is smooth and continuous. Note that no trajectory planning is needed for this method. Our approach lies in a design of the such motion planning controller that allows a differential drive mobile robot to move along complex trajectories without classic tracking controllers.
The second objective of our research is the application of the proposed method to a heterogeneous modular mobile robot. This can be done efficiently because concerned modular robot control system can divide general task to several control goals for each module of the robot. This key feature considered in the fourth section.
Motion planning using vector fields
The essence of the method. Consider a given path as a set of the nodal points with respect to world coordinate system : OXY
GG XY -the goal position coordinates at the end of a path, n -number of points. The robot start position is in the point 00 ( , ) XY . The robot control system takes this set of the nodal points from some robot path planner at the higher control level. Let us assign the vector field that defines the attractive force i F to each nodal points of the given path ( fig. 1 ).
Fig. 1. Vector fields of attractive forces
The i -th ( 1, ) in  attractive force magnitude i F in each point of the vector field is a continuous function of distance between the robot and the centre of the line segment connecting previous ( 1) i  and current i nodal points. For this function, we take two-dimensional Gaussian function. Each Gaussian function for the attractive force is rotated along line segment connecting previous ( 1) i  and current i nodal points. Also a width of Gaussian function along this line segment is larger in comparison to transverse direction. It is needed because closely spaced Gaussian function can influence over robot motion. Considering all these properties we define the next Gaussian function: 
where i  is the angle between the line segment connecting the ( 1) i  -th and i -th nodal points and OX axis, , rr XYthe robot coordinates with respect to the world coordinate system OXY . The robot must move from one nodal point to another and this can be done if each Gaussian function that defines attractive force has appropriate width along axis ii Ox (along line segment). More precisely one vector field must intersect with another at the appropriate Gaussian function value. Thus parameter , xi w is defined as: Oy axis. To smooth robot motion near with the nodal points the vector fields that define orbital (or rotating) and repulsive forces are used. These vector fields act around special pointsbarycentres. In this research barycentres are the nodal points except the final point (goal position) for which there is only an attractive force. The orbital and repulsive force magnitude is a function of the distance between robot and barycentre. For this function, we also take default Gaussian function with the same width along all directions. The j -th ( 1, ) jm  orbital force magnitude , orb j F then defined by the next equation:
, , , XY -the j -th barycentre coordinates with respect to the world coordinate system OXY (see fig. 2 ). A number of the barycentres is given by 1 mn . Figure 2 shows the vector fields of orbital forces and necessary notations. where j r -the radius of action of the orbital force and the repulsive force. For j r we use the next function:
where r k -constant of proportionality, j d -the distance between ( 1) j  -th and j -th barycentres, 1 j d  -the distance between j -th and ( 1) j  -th barycentres. To determine coefficient j s it is necessary to find y coordinate of the ( 1) j  -th barycentre with respect to the j -th barycentre coordinate system , , , 
-the repulsive force basis magnitude. Fig. 3 shows the vector fields of repulsive forces and necessary notations. All forces act upon mobile robot but the most distant points from robot almost have no influence over a robot. Summarizing the above we can say that in each point of the two-dimensional space there are vector fields acting upon a mobile robot. The total force projection onto an Ox  axis of the robot proportional to its linear velocity V , the total force projection onto an Oy  axis of the robot proportional to its angular velocity  ( fig. 4 ).
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The robot motion and its trajectory are depended on not only nodal points but also on a set of main (core) parameters that were defined above: 0 ,0 ,0 , , , , , ,
All these parameters can have different values but one condition must always hold:
If this condition is not satisfied the robot can't reach any nodal point. In the next section the most significant simulation results would be considered.
Simulation results
We tested our method for various paths with different parameters using computer simulation (MATLAB Simulink). We assume that the mobile robot has a local map of the environment and the robot control system at the higher level can generate a path from the start position to the goal position. For example, the A* algorithm can be suitable for it.
1.
Consider that the mobile robot has the given set of nodal points: (1, 1.5), (2, Figure 5a shows the robot trajectory and the given path, figure 5b shows the actual linear and angular velocities of the robot during the motion.
Fig. 5. The robot trajectory (a) and its velocities (b) during the motion without orbital and repulsive forces
From these simulation results it is clear that the robot motion nearby the nodal point (i.e. along the path) can be successfully performed without using the orbital and repulsive forces. The robot trajectory is smooth, linear and angular velocities change continuously (see fig. 5b ). Note how the linear velocity drops when the angular velocity increases. It means that robot slows down at turns and accelerates at straight-line segments of the robot path.
2. Now consider the situation when all forces are in count for the same path. The orbital and repulsive forces provide an opportunity to make robot trajectories similar to for example B-splines. In this case we set parameters with the next values: Figure 6a shows the robot trajectory and the given path, figure   6b shows the linear and angular velocities of the robot during the motion. Figure 7a shows the robot trajectory and the given path, figure 7b shows the linear and angular velocities of the robot during the motion. Simulation results analysis. The robot motion planning using vector fields gives next advantages: a differential drive mobile robot can move along complex trajectories like B-splines without their planning, robot linear and angular velocities change smoothly and continuously, the variety of robot trajectories can be achieved by using different core parameters.
The application of the method to a heterogeneous modular mobile robot
This method of motion planning is well suited to a heterogeneous modular mobile robot which concept is considered in detail in [9] . The main feature of this modular robot is based on the principle of full functionality of its modules. According to the [9] the full functionality of a mechatronic device is the ability to perform its goal function using only its own facilities for executing instructions from an external control system. This heterogeneous modular mobile robot consists of the next basic modules: a transport module that performs locomotion of the whole robot, a module-supervisor that responsible for control goals definition, the power supply module and sensory modules. Some features of the transport module control system and design were considered in [10] in which old name was used for the transport modulethe motion module.
In this research we will consider the wheeled transport module and its interaction with the module-supervisor. According to the definition of the full functionality the module-supervisor gives a goal position to the transport module but verifies only result of the module performance and not the working process (except for emergency situations). Therefore the transport module control system must plan its trajectory to the goal position and perform corresponding motion. In our heterogeneous modular robot this transport module can use different strategies for motion planning. The transport module also uses data structure from a sensor module for obstacle avoidance. Note that a sensor module sends to the transport module not the usual data as array of some measurements but data structures for example, positions of lines that approximates obstacle geometry.
We use simple transport module that technically is a differential drive mobile platform. Figure 9 shows the laboratory prototype of the transport module and the modular robot. Fig. 9 . The laboratory prototype of the transport module (without wheels) and modular mobile robot Consider the interaction procedure between the transport module and the module-supervisor by the example of typical motion tasks. The modular robot must go to the goal position from the initial position in two cases: if the modulesupervisor doesn't have a map of the environment ( fig. 10a ) and if the module-supervisor has a map ( fig. 10b ). In both cases the interaction between the transport module and the module-supervisor is defined by next sequence of actions: 1. The module-supervisor and the transport module establish the connection and begin to exchange with initial data (IP addresses of the transport module and the module-supervisor in the shared robot network, used interfaces, data conversion).
2. The module-supervisor sends to the transport module the data about goal position as set of three numbers: , GG XYcoordinates of the goal position in the world coordinate system, G  -orientation angle at the goal position. 3. The transport module goes to the goal position and avoids obstacles using the data from a sensor module. 4. If the goal position is reached (or not reached) the transport module stops and sends to the module-supervisor information about the robot actual position and the message that the task was completed (or not completed).
When the robot doesn't have information about an environment ( fig. 10a ) the robot motion is not optimal and the arrival to the goal position is not guaranteed. In this case the module-supervisor corrects a robot position error. If the robot motion occurs in the known environment the module-supervisor can define optimal path as the set of goal positionsnodal points ( fig. 10b ). In this case we can apply our method of motion planning using vector fields. The modulesupervisor act as robot path planner at the higher control level and the transport module control system evaluates vector fields for nodal points. If the unexpected obstacle obstructs the robot motion then the transport module is trying to avoid it by itself requesting the new goal position from the module-supervisor.
As it was mentioned above the interaction between a sensor module and the transport module is a one-way communication. While the robot moves to a goal a sensor module perform pre-processing of the measurement data and sends it to the transport module. For the localization in the environment the transport module uses the sensor data from a sensor module and an encoder data (dead reckoning).
Note that the module-supervisor doesn't control motion planning of the robot because the transport module responsible for vector fields evaluating and computation of linear and angular velocities. That distributed control is the main advantage of the full functionality of the robot modules.
Conclusion
The motion planning of the differential drive mobile robot using artificial vector fields was presented. In this method we use vector fields that produce three kinds of forces: attractive, orbital and repulsive. These forces allow a mobile robot to move along complex trajectories without their preparatory definition. In this paper we demonstrated that robot trajectories can be similar to different splines (B-splines). The smooth and continuous motion of the robot in this case is the important advantage of the method. Note that for these results there is no need to use complex control laws for path following which require constant tracking of this path.
We approved that this method is well suited to a heterogeneous modular mobile robot which modules are full functionally devices. The task of motion planning can be efficiently divided between the module-supervisor, the transport module and the sensor module. The computation load from the central processing unit of the module-supervisor is distributed between other modules according to their functions.
Future work consists of implementation of this motion planning method in the laboratory prototype of the modular mobile robot. Also we will continue our work with this method for further modifications and improvements.
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